Nitrate-grown Azotobacter chroococcum ATCC 4412 cells lack the ability to fix N2. Nitrogenase activity developed after the cells were suspended in a combined nitrogen-free medium and was paralleled by a concomitant decrease in nitrate assimilation capacity. In such treated cells exhibiting transitory nitrate assimilation and N2-fixation capacity, nitrate or nitrite caused a short-term inhibitory effect on nitrogenase activity which ceased once the anion was exhausted from the medium. The glutamate analog L-methionine-DL-sulfoximine, an inhibitor of glutamine synthetase, prevented inhibition of nitrogenase activity by nitrate or nitrite without affecting the uptake of these antions, which were reduced and stoichiometrically released into the external medium as ammonium. Inhibition of nitrogenase by nitrate (nitrite) did not take place in A. chroococcum MCD1, which is unable to assimilate either. We conclude that the short-term inhibitory effect of nitrate (nitrite) on nitrogenase activity is due to some organic product(s) formed during the assimilation of the ammonium resulting from nitrate (nitrite) reduction. Repression of nitrogenase synthesis by different sources of nitrogen, such as ammonium, nitrate, or urea, has been known for many years (10, 21, 31, 32) . Furthermore, an immediate inhibition of nitrogenase activity in whole organisms, but not in extracts, in response to exogenous ammonium ions has been described to occur in photosynthetic bacteria (1, 2, 4, 33) and in some azotobacters (7, 9, 13, 17) . Inhibition and reactivation of nitrogenase takes place shortly after the addition or depletion of ammonium, respectively, and it is known as the switch-off/switch-on effect.
Repression of nitrogenase synthesis by different sources of nitrogen, such as ammonium, nitrate, or urea, has been known for many years (10, 21, 31, 32) . Furthermore, an immediate inhibition of nitrogenase activity in whole organisms, but not in extracts, in response to exogenous ammonium ions has been described to occur in photosynthetic bacteria (1, 2, 4, 33) and in some azotobacters (7, 9, 13, 17) . Inhibition and reactivation of nitrogenase takes place shortly after the addition or depletion of ammonium, respectively, and it is known as the switch-off/switch-on effect.
To explain the short-term effect of ammonium on nitrogen fixation in Azotobacter vinelandii, Laane et al. (17) have suggested that ammonium uptake switches off the flow of reducing equivalents to nitrogenase by lowering the electrical component of the proton motive force. Aside from this substrate-dependent inactivation, we have reported that in Azotobacter chroococcum some organic product derived from ammonium assimilation may be the actual inhibitor of nitrogenase (7) .
So far, no effects of either nitrate or nitrite on nitrogenase activity have been reported comparable to the short-term ammonium inhibition discussed above (21) .
In this communication we present results showing for the first time that nitrate and nitrite also exert a rapid and reversible inhibitory effect on nitrogenase. The results indicate that this inhibition is mediated by metabolic intermediates generated from the ammnonium formed ini the enzymatic reduction of those anions. Analytical procedures. For nitrogenase activity and nitrate or nitrite uptake assays, three 20-ml samples of the abovedescribed cell suspension were preincubated at 30°C with shaking (100 strokes min-') in 50-ml sealed conical flasks. Two of the samples were used for nitrogenase assay and the third one was used for nitrate or nitrite uptake assay. At zero time the atmosphere in each flask was made 10% in acetylene. Nitrogenase activity was determined by analyzing the appearance of ethylene in the flask atmosphere. Nitrate and nitrite consumption and ammonium released were determined by estimating the concentration of the corresponding ion in the medium. This estimation was done with samples of the cell suspension after the cells had been rapidly removed by filtration in a Millipore system with glass microfiber Whatman paper.
MATERIALS AND METHODS
Nitrate reductase activity was determined in situ as follows. A 5-ml sample of cell suspension was centrifuged at 9,000 x g for 5 min at 4°C, washed once with 50 mM MOPS-KOH buffer (pH 7.5), and suspended in 0.5 ml of the same buffer supplemented with 0.25 mM EDTA. A portion of this suspension was added to the reaction mixture to determine nitrate reductase activity with dithionite reducedmethyl viologen as the electron donor (12) and 20 ,g of alkyltrimethylammonium bromnide mixture added to permeabilize the cells. Activity units correspond to micromoles of nitrite produced per minute.
Nitrite reductase activity was assayed in situ using the same cell suspension as used for nitrate reductase activity determination. A sample of the cell suspension was added to A. chroococcum cells grown under nitrogen-fixing conditions, washed, and resuspended in N-free medium, were supplied with 5 mM KNO3 (final concentration) at zero time, and nitrate uptake rate and nitrogenase activity were determined at the indicated times. Nitrogenase activity of 100% corresponds to 220 nmol of C2H4 mg-of protein min1.
the reaction mixture for nitrite reductase activity as described by Ramirez et al. (22) . The reaction mixture also contained 20 ,ug of alkyltrimethylammonium bromide per ml. Activity is expressed as micromoles of nitrite removed per minute.
Ethylene was measured with a Pye-Unican 204 gas chromatograph equipped with a column filled with Porapak Q and a flame ionization detector.
Nitrate was determined spectrophotometrically at 210 nm in acid solution (6) . Nitrite was estimated by the method of Snell and Snell (27) . Ammonium determination was carried out with the glutamate dehydrogenase assay (8 Alternatively, nitrate-grown cells diminished their nitrate uptake ability simultaneously with derepression of nitrogenase development when transferred to combined nitrogenfree growth medium. Figure 1 shows the loss of nitrate uptake ability and development of nitrogenase activity; after 30 min of incubation, cells displayed both nitrate uptake activity and nitrogenase activity in assayable amounts.
Short-term nitrate or nitrite inhibition of nitrogen fixation in A. chroococcum. As we proposed that, in A. chroococcum, the short-term ammonium inhibition of nitrogenase activity is due to products derived from ammonium assimilation (7), the next group of experiments were designed to determine whether nitrate or nitrite inhibited nitrogenase activity in A. chroococcum cells exhibiting the ability to assimilate nitrate and fix nitrogen simultaneously. Addition of low amounts (0.3 mM final concentration) of KNO3 to such cells promoted a short-term inhibition of nitrogenase activity (Fig. 2) . The inhibition was reversible, since it ceased once the added nitrate was used up by the cells. Although not shown, nitrate . 2 . Inhibition of nitrogenase activity by NO3-and its reversal after N03-depletion. Nitrate-grown cells, washed and suspended in N-free medium, were incubated at 30°C under growth conditions. After 1 h, cells were assayed for nitrogenase activity in the absence (O) and in the presence (0) of 0.22 mM KNO3, which was added when indicated. Nitrate disappearance from the medium was also followed (A). on November 6, 2017 by guest http://jb.asm.org/ Downloaded from inhibition of nitrogenase activity was independent of protein synthesis since no difference was observed in the presence of rifampin (100 ,ug ml-'), an inhibitor of translation in procaryotic organisms.
The assimilation of nitrate requires its reduction to nitrite and ammoniutn so a similar effect of nitrite on nitrogenase activity in the described cells was expected. It could be seen that nitrite inhibition of nitrogenase activity is rather similar to that produced by nitrate (data not shown).
Similar experiments were carried out using cells that had been grown under nitrogen-fixing conditions and hence were incapable of taking up nitrate or nitrite (24) . In these cells, none of the ions, at the concentration used (up to 0.3 mM), had any effect on nitrogenase activity in vivo (not shown).
These results strongly suggested that products from ammonium assimilation were responsible for either nitrate or nitrite inhibition of nitrogenase activity. To test whether the nitrate (nitrite)-promoted nitrogenase switch-off was due to the metabolism of the internally generated ammonium, experiments were carried out in A. chroococcum cells in which glutamine synthetase, the first enzymne involved in ammoniuni assimilation, had been inactivated by 15 min of prior incubation with 5 mM MSX. Nitrate had no effect on nitrogenase activity in MSX-treated cells (Fig. 3) . However, nitrate uptake and reduction was not prevented, as nitrate disappeared from the medium and ammonium accumulated in it stoichimetrically (Fig. 3B) . Similar results were found when nitrite was used instead of nitrate.
To further corroborate that the short-term nitrate inhibition of nitrogenase activity is due to metabolic intermediates generated from ammonium assimilation, A. chroococcum MCD-1 (26) was used. This strain is unable to use nitrate or nitrite as the sole nitrogen source under an Ar-02 atmosphere. When grown under air in the presence of nitrate, strain MCD-1 cells exhibited undetectable nitrate (nitrite) uptake and ohly negligible levels of nitrate reductase activity and nitrite reductase activity (10% of those exhibited by nitrate-grown strain ATCC 4412), whereas nitrogenase activity was similar to that found in A. chroococcum ATCC 4412 (0.166 ,umol of C2H4 mg-1 of protein min-'). As expected, the addition of nitrate (0.3 mM, final concentration) to A. chroococcum MCD-1 cells grown under an air atmosphere in the presence of nitrate had no effect on nitrogenase activity. However, as was the case for A. chroococcum ATCC 4412 (7), addition of low amounts of NH4Cl (0.1 mM, final concentration) to strain MCD-1 which was actively reducing acetylene resulted in a rapid inhibition of this activity (not shown). This inhibition was reversible and was prevented by MSX. DISCUSSION The nitrogen-fixing, aerobic bacterium A. chroococcum ATCC 4412 is able also to use nitrate, nitrite, or ammonium as a nitrogen source. When cells were grown in the presence of some of these nitrogen compounds, no nitrogenase activity was detectable, and it is accepted that repression of nitrogenase is mediated by products generated in the assimilation of those ions (21) .
Results presented in this work have shown that it is possible to get A. chroocaccum cells with both nitrogenase activity and nitrate (or nitrite) assimnilatory uptake activity.
In these cells nitrate and nitrite induced a rapid inhibition of nitrogenase activity, the inhibition ceasing once nitrate or nitrite had been exhausted from the medium, as occurred in the ammonium-induced nitrogenase switch-off (7) . Since the same results were reached in experiments carried out in the presence of rifampin, an inhibitor of translation, the restoration of activity involved the reuse of preexisting nitrogenase, not the synthesis of new enzyme.
Several lines of evidence have indicated that nitrogenase switch-off is strictly dependent on nitrate (nitrite) assimilation via ammonium ions. First, nitrate or nitrite at the concentration tised had no effect on nitrogenase activity in cells lacking an assimilatory nitrate uptake system. In connection with these results, it is worth mentioning that nitrite also inhibited nitrogen fixation in whole Rhizobium japonicum bacteroids (16, 25) and cultured cowpea Rhizobium sp. (20) , as well as in the photosynthetic bacterium Rhodopseudomonas capsulata (14) . However, the reversibility of this effect and the mechanism of inhibition were not studied. In vitro inhibition of A. vinelandii nitrogenase by nitrate (28) and by nitrite (5) has been also described, but these effects clearly differ from that studied in the present work, as does the nitrite inhibition of nitrogenase in soybean bacteroids (30 (Fig. 3A) . Since the cation could not be incorporated into carbon skeletons, it was released into the medium (Fig. 3B ). These facts clearly indicate that MSX-treated A. chroococcum cells escape nitrogenase activity regulation by nitrate because the production of ammonium derivatives is interrupted. Since the same treatment also abolished the ammonium-induced nitrogenase activity switch-off (7) , the present data reinforce our proposal that nitrogenase activity regulation by ammonium is mediated by products from its assimilation rather than by ammonium itself.
Results obtained with A. chroococcum MCD1 confirm that nitrogenase inhibition by nitrate (nitrite) involves the assimilation of the anion. Since nitrogenase activity in strain MCD-1 cells grown in air was not affected by the presence of nitrate, the results presented in this work corroborate that nitrate repression of nitrogenase takes place via ammonium (19, 21) and agree with data showing that nitrate reductasenegative mutants of diazotrophs do not show nitrate repression of nitrogenase (15, 20, 28) .
